Abstract. The electron paramagnetic resonance signals of the soluble P-450 cytochrome from Pseudomonas putida were observed at temperatures from 4.2 to 80'K. As isolated, P450 has a signal typical of a low spin ferric-heme compound with sulfur as one of the axial ligands (g = 2.45, 2.26, 1.915). We also detected a minor signal typical of high spin ferric heme (g = 8, 4, 1.8) equivalent to less than 7% of the heme at temperatures below 20'K. On titration with the substrate, (+)-camphor, the low spin signal decreased and the high spin signal increased, maximally representing about 60% of the heme. For reasons not thus far understood, 40% of the heme is not converted to high spin by either (+) or (-)-camphor. The high spin signal has a rhombic character which is stronger than any previously observed with a heme compound (E = 0.33 cm-'; D = 3.8 cm-'; E/D = 0.087).
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We conclude that P-450,,.m as isolated is equal to or more than 95% in a low spin form probably having sulfur as one of the axial ligands. The binding of substrate displaces this ligand sufficiently to allow for conversion from a low to a high spin form.
Cytochrome P450 (henceforth called P-450) was discovered as a CO-binding pigment in isolated mammalian liver microsomes. 12 Since then similar cytochromes have been found in adrenal mitochondria and in bacteria.A5 Since the proteins from these sources were not readily solubilized and purified, we undertook a study of the pure bacterial protein on the hypothesis that an understanding of the structure and function of this class of heme protein, including the microsomal cytochrome, could be obtained.
The visible absorption bands of P-450 from all sources are shifted upon addition of numerous compounds, many of which are known substrates.6 Thus the P450 is thought to be the site of substrate binding for the hydroxylation reactions catalyzed.7-'2 In general, aromatic primary amines and aromatic Nheterocyclic compounds shift the Soret band of the microsomal protein to the red (type II), whereas various drugs, either substrates or inhibitors, shift the Soret peak to the blue (type I). These and the other optical properties of P450 complexes with substrates, etc., prompted the suggestion that the spin state of these heme proteins shift from low spin to high spin on addition of substrates. '3 14 1157 P450 is paramagnetic and shows an anisotropic electron paramagnetic resonance (epr) spectrum typical of a low spin (S = 1/2) ferric heme in a rhombic environment. 116 Addition of the compounds mentioned above also leads to changes in the epr spectra. Thus liver microsomes from methylcholanthrenetreated rabbits showed, in addition to a low spin type signal, a signal attributed to a high spin (S = 5/2) ferric heme with a resonance reported near g = 6.6.13 Similarly, the addition of deoxycorticosterone to adrenal submitochondrial particles causes a decrease in the low spin ferric-heme signal and the appearance of a signal at g = 7.9 which we now attribute to a high spin form of P450.17
The available reports on resolved epr signals with the different forms of P450 did not give sufficient information for their physical characteristics to be established and an interpretation in terms of chemical structure to be attempted. We report here the preliminary observations, and such an attempt for a special heme protein P-450cam from Pseudomonas putida.1 This protein is the terminal oxidase of a soluble camphor-hydroxylating system, which also includes a flavoprotein and an iron sulfur protein.5 16 The epr spectra of this P-450 in the presence and absence of substrate could be well resolved into high and low spin ferric-heme signals by variation of temperature and microwave power. This led us to perform analogous studies on the PA450 of rabbit liver microsomes. The results of those studies are presented in a subsequent paper. 18
Methods. Soluble, P-450 was prepared from Pseudomonas putida according to the method of Katagiri et al.5 Is modified by Yu and Gunsalus.'6 The heme content was approx. 20 nmol/mg and molecular weight estimated from sedimentation velocity approx. 46,000. The preparation used in this study contained about 0.8 heme per mole of protein. D(+)-camphor and N-phenylimidazole were added as solutions in water.
Electron paramagnetic resonance spectroscopy was performed on a modified Varian X-band spectrometer with 100 kHz modulation.'9 Samples were maintained at the temperature required in a cavity insert dewar, through which boil-off gas from either liquid N2 or liquid He could be passed at controlled rates. Temperatures were measured with a carbon resistor or with a copper-constantan thermocouple, situated in the gas stream 1 cm beneath the sample. The resonance frequency was determined with a Hewlett Packard 5245L counter with 5255 frequency converter and the magnetic field strength with a proton probe. The pattern of saturation with microwave power of all signals was determined and spectra for quantitative evaluations were recorded at nonsaturating powers.
Evaluation. An epr spectrum can be described from a knowledge of the three g values and the line-shape broadening function of any of the g values20'21 and references thereins. The relative quantitation of high spin with respect to low spin epr signals was performed by comparing the double integral of the signal with that of a known standard, in this case ferric myoglobin. For the high spin signal, these quantitations were made by measurements of the absorption derivative extrema from zero field to near g = 4. For the applicable spin Hamiltonian, approximately 40% of the absorption intensity lies to fields lower than the point with zero slope at g = 4 and 60% to fields higher.
At X-band frequency, the epr for high spin heme arises solely from the electronic transitions of the lowest-lying Kramers doublet. Thus the effective spin of the system is 1/2. Since the population of spins in the lowest lying of the three Kramers doublets is directly related to the absolute temperature and ajso to the magnitude of D, the second rank axial spin operator in the spin Hamiltonian for high spin ferric iron, only at temperatures near absolute zero will this Kramers doublet contain the total spin population of the high spin ferric heme in the sample. At higher temperatures, the spin population in the lowestlying Kramers doublet is given by the Boltzmann distribution. An appropriate correc-tion for this fractional population can be made on the basis of the deviation of the temperature behavior of the signals from the usual 1/T relationship of intensity to absolute temperature. For example, at 15'K, about 64% of the high spin population lies in the lowest Kramers doublet.
The low spin signal was quantitatively evaluated by manual integration and comparison to an integrated signal of Cu EDTA, which were both recorded at 79'K.
Results. The epr spectra of Pseudomonas putida P450 recorded at 15 and 790K are shown in Figure 1 T Minor signals at g = 6-7 not included.
All concentrations in mM.
are greatly increased. In addition to the high and low spin heme epr signals, another resonance with a high field g value of 1.98 can be observed both at high (60'K) and low (11.5'K) temperatures. This may be caused by a low spin species produced on addition of camphor, or it may represent transitions between levels in the first excited Kramers doublet of the high spin species. Investigations aimed at clarifying this point will be described in a later publication. Although the amplitude of the signal of the high spin form is less than that of the low spin form, the quantity of high spin material is greater than that of low spin material since the epr signal covers a greater range of magnetic field. Electron paramagnetic resonance spectra of P-450ca, after addition of camphor were obtained at temperatures between 10 and 800K. The temperature behavior at the g = 8, 4, 1.8 signals, which essentially vanish above 600K, indicates that they arise from a different species than the g = 2.45, g = 2.26, g = 1.91$ set. A least-squares fit of absorption amplitude versus absolute temperatures at all three g values of the high spin protein observed between 10 and 30'K yields values of D = 3.8 cm-1 and E = 0.33 cm-' for the second-rank spin Hamiltonian parameters. Thus the zero-field splitting between the first and second Kramers doublet is 11.70K and that between the second and third is 21.50K. The best-fit a values in this evaluation were 7.81, 3.93, and 1.77 which are in reasonable agreement with the observed values. Greater weight was given to the middle g value in this computation since it is a more sensitive function of the spin Hamiltonian parameters D and E.
The epr spectra for the high spin and low spin forms could be further distinguished by differences in their saturation behavior with increasing microwave power. For the low spin signal at g = 2.26 the power at half saturation is about 3 mW at 15'K, whereas the g = 8 high spin resonance remains unsaturated at the highest power supplied, namely, 27 mW. The loaded Q of the cavity used in these experiments was about 4000.
Since the measured Michaelis constant for camphor in the over-all hydroxylase reaction is less than 20 ,uM,22 we conducted titrations of P450 preparations with camphor, using the disappearance of the epr signal at g = 1.92 and the appearance of the signal near g = 8 as indicators. For several preparations of P-450 the end point lay between 0.5 and 0.7 camphor molecules per heme.
The kinetics of binding of camphor to P-450 were examined using the freezequench technique of Bray2" to collect samples for epr spectroscopy at various times after mixing. Whether or not oxygen was present, the low spin signal had reached its minimum, and the high spin signal reached its maximum at the shortest time attainable, about 10 msec. In these experiments the final concentrations of reactants were: P-450, 0.1 mM, and camphor, 2.5 mM, in 0.05 M potassium phosphate buffer, pH 7.0, at 20'C.
The addition of N-phenylimidazole to P-450 shifted the g values of the low spin form of the protein slightly-to 2.47, 2.26, and 1.90. However, the addition of this compound, which is a competitive inhibitor of P450,22 caused the disappearance of the high spin form of the protein at g = 4 and g = 8. Two other weak signals at g = 6-7 were, however, observed.
Discussion. The epr spectrum of P-450 is anisotropic, has three clearly resolvable g values and is typical, in its gross appearance, of low spin compounds of ferric heme. As far as the exact location of g values is concerned, very similar spectra have been observed for thiol-treated ferric hemoglobin and ferric myoglobin,20 as well as for mixtures of heme compounds made with substituted pyridines and thiol derivatives.24 In a ferric low spin compound, the quantum mechanical wave function describing the spin of the iron is comprised only of a combination of the three t2g orbitals, and any two 9 values can be used to determine the third. Thus, a least-squares analysis of the experimental results yields g = 2.44, 2.25, and 1.89. These g values were used to determine the coefficients of the elements of tetragonal and rhombic symmetry components of the crystal field (A and V, respectively) as ratios to the spin-orbit coupling energy X. Thus A/X, the tetragonal component equals -5.79 and V/X the rhombic component equals 2.62 (Table 2 ). Compounds prepared from hemes and thiols have similar crystal fields irrespective of the nature of the nonmercaptide ligand, and independent of whether the heme is incorporated in a protein molecule or not.2'0 Hence, it appears to be the presence of the mercaptide sulfur atom which for the most part establishes this particular type of low spin epr spectrum. Changing the nonmercaptide ligand, as may take place in the conversion of the active form of microsomal P-450 to an inactive form (cytochrome P-420) apparently does not affect the mercaptide ligand, as the epr of oxidized P-420 is very similar to that of P-450. Substitution for the mercaptide ligand, however, will alter the epr spectrum, converting P450 to a different low spin type compound or, if the resulting crystal field is weak, to a high spin form. We believe that the addition of cam-lhor to P. putida P-450 causes a shift in mercaptide sulfur away from the heme iron, producing the high spin form described here. This is analogous to the exllanation given by Jefcoate and Gaylor'" for spin changes observed on binding methylcholanthrene to microsomal P450. Such binding may take place for all type I compounds that react with microsomal and mitochondrial P450 and would explain the spectrophotometric observations in the visible region which accompany the changes where high spin forms of the protein have been suggested. In the present case, the fact that a replacement is not caused by direct displacement of the sulfur ligand, is suggested by the fact that the binding of camphor to P-450 is competitive with respect to the inhibitor N-phenylimidazole.22 The binding of this inhibitor does not displace the sulfur ligand, according to the evidence depicted in Figure 1 .
The parameter E is the rhombic coefficient of the spin Hamiltonian and describes the departures from tetragonality of the heme-iron system. The value of E/D found here for P450, 0.087, is the largest yet observed for high spin ferric-heme compounds.2' When E/D = 1/3, this represents a completely rhombic environment for iron, i.e., the rhombicity in this case is 100%. The rhombicity for P-450, 26%, represents a large departure from fourfold symmetry of free heme, probably caused by aplanarity of the heme. This buckling of the heme could be imparted by the conformational constraints imposed by the protein.
The significance of the low spin species which remain"6 after addition of camphor and conversion of about 60% of the originally present cytochrome into the high spin form, is not clear. Obviously these forms of the cytochrome either do not react with camphor or at least not in the same ways as the majority species. These species might be artificially altered forms of the cytochrome and it is also possible that one or more of them were present in the original preparation with their epr spectra superimposed on that of the reactive P-450.
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